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lU-<v^’iii3j-l)  a(  iliernial  energies.  Ion  beam  experimems  in  ihe  energy  range  from  O.H  lo  6.S  eV 
(l.ib)  show  dial  die  translatioual  exudicriuieiiy  of  die  reaction  (ihc  reaciion  enthalpy  which  is 
I  till  veiled  lu  iiaiivlaiiuiial  energy  of  the  |>rodueis)  is  negative  and  equal  to  the  relative  energy. 
The  producifs)  in  these  beam  experiments  must  therefore  be  excited.  Experimeius  in  a  selected 
ion  tlow  lube  at  temperatures  of  8K  K,  150  K,  and  300  K,  using  the  monitor  ion  technique  to 
deienniiie  the  vibrational  energy  distribution  in  the  O2'*’  product,  show  that  the  majority  of  the 
ions  formed  in  the  reaciion  of  O*’  with  CO2  at  thermal  energies  are  vibrafionally  excited. 
The  principal  ion  product  energy  level  appears  to  be  08*  (vs  1),  with  a  population  of  about 
.l5‘/v  of  the  total  O2'' production.  , 
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luicryy  Disposal  in  tlie  Products  of  the  Reaction 
+  COi  02+  +  CO 

J.  F,  Paulson  .  A.  A.  Viggiano.  and  R.  A.  Morris 
lono!.ptii;riu  Physics  Division  (LID). 

I  icophysics  Laboralury  (AFSC).  liaiiscoin  AFU,  MA  01731,  U.S.A.  ' 

■Ahsiract:  The  reaciion  COs  — >  Oi'*'  +  CO  is  exothermic  by  1.19  eV.  Although  spin 
rorbidden  I'or  rcaciams  and  products  in  their  ground  states,  the  reaction  is  fast  (k  =  9.6  x 
lu  '^cin^s'')  at  thermal  energies.  Ion  beam  experiments  in  the  energy  range  from  0.8  to  6.5  eV 
tl.ib)  show  that  the  translational  exothcrmicity  of  the  reaction  (the  reaction  enthalpy  which  is 
i  to  translation. il  energy  of  the  produet.s)  is  negative  and  eiiual  to  the  relative  energy, 
flic  pioduc.vs)  in  these  beam  e.speriments  must  therefore  be  excited.  Experiments  in  a  selected 
ion  ilow  tiiLse  at  tetnperatures  of  88  K.  150  K.  and  300  K,  using  the  monitor  ion  technique  to 
dcicnnine  the  vibrational  energy  distribution  in  the  O2*  product,  show  that  the  majority  of  the 
Qi’’  ions  formed  in  the  reaction  of  O'^  with  COs  at  thermal  energies  are  vibraiionally  excited, 
■fhe  principal  ion  product  energy  level  appears  to  be  02'*’  (v  =  1),  with  a  population  of  about 
l5‘/u  of  the  total  O2''  production. 

INTRODIK^TION 

■fhe  ion-molecule  reaction  between  O'^  and  CO2  is  of  interest  because  of  its  importance 
ni  combustion  phenomena,  in  chemical  release  experiments  in  the  eanh’s  ionosphere,  and  in  the 
ionospheres  of  Mars  and  Venus.  The  reaction  has  long  been  known  to  be  fast  and  to  proceed 
through  two  channels  11],  the  branching  ratio  being  suongly  energy  dependent. 

0<-  +  C02-»02^ +CO•^  1.19eV  (1) 

-♦CO2^-rO-0.18cV.  (2) 

The  reaction  converts  an  atomic  ion,  whose  recombination  with  electrons  is  slow,  into  a 
molccul.u"  ion,  whose  recombination  is  fast.  The  exothcrmicity  of  reaction  (1)  permits  the 
ibiination  of  02^  in  vibrational  energy  levels  up  to  v  =  5  and  of  CO  up  to  v  =  4.  Because  the 
elecuonic  states  ol'  the  products  of  recombination  of  02^  (reaction  (3))  depend  strongly  upon  the 
vibrational  energy  levels  of  the  02*^12,3,4],  it  is  important  to  know  the  vibrational  energy 
eunient  of  the  products  of  reaction  (1). 

02-*(v)  c  -»  0(3p  or  ID)  0(3p.  'D.  or  ‘S).  (3) 


..  FTascuaasBH'TOa 


j-iy 


The  presem  sunJy  Minmiati/os  ihc  a-siilis  of  some  ion  lienm  esper  imeiiis.  in  wliicli  llic 
furmaiioii  of  iiuernnlly  cxcitcil  priHliit  ls  ;il  Ikmiii  energies  w;is  esinlilislieil,  nnd  of  some  recein 
ion  flow  inlie  experimeni...  in  uliieli  ilie  produelioii  of  vilnalioiudly  exeiied  O’*  in  venclion  (1) 
was  measnreil. 

i:\n  HiMi~\T  \i. 

In  die  inn  heam  expei  imeni,  ilie  iranslaiioiial  energies  of  reaeiaiu  and  proiliiel  ions  were 
deteriumed  using  lime-of  iligii'  fTOl')  leeliniipies.  The  apparatus  and  meihuil  have  been 
desenhed  [5|.  In  brief,  the  apparatus  cunsisieil  of  a  magnetic  mttss  spectrometer  (90  degree 
sector.  2.54  cm  radius)  to  select  the  rcaetaiii  ion  s-o,.ci(-s  a  deee'err.lir.g  let’.;:,  a  coliision 
i.ii.nntier,  and  a  tiuatlrupole  tiiass  filter  to  aii;dy/c  re.ncttuu  and  product  ion  species.  Single 
eoilisinii  conditions  obtained.  The  reactant  ion  heam  was  pulsed,  ;tnd  times  of  Higlit  of  reactttnl 
and  product  ions  were  nieasuied  using  iligilal  TOI-  logic.  The  reactant  ion  translational  energies 
i.inged  from  O.S  to  6  5  eV  (l.ili)  in  the  TOI'ex(ieriment.s,  although  reaction  cross  .sections  could 
lie  measured  over  the  r.uige  of  reaeiaiU  ion  energies  from  about  0.2  eV  to  several  tens  of  eV.  At 
energies  below  .i  few  eV.  the  energy  spread  (I  'WI  IM)  of  the  beam  wtis  about  0..1  eV. 

A  variable  tenifierature-selecied  ion  flow  tube  was  u.sed  to  make  the  mcasureniems  of  the 
rate  Constants  for  reaction  ( I )  and  of  the  vihr;iliun;d  energy  distribtition  in  the  O^^priHJuct  of 
this  reaction.  The  tipparatus  and  the  meilKxl  for  measuring  rate  constants  have  Ivcn  descrilrcd 
16)  and  will  not  be  iliscussed  further.  In  order  to  determine  whether  vibrationally  excited  levels 
of  O’*  result  from  reaction  (1).  O’*  was  generated  in  the  flow  tube  by  this  reaction.  Xc  was 
simultaneously  admitted  to  the  flow  tube.  The  charge  transfer  reaction  of  02'*‘(v=0)  with  Xe  is 
slightly  endothcrinic  (71  and  is  therefore  slow.  The  charge  transfer  reaction(s)  of  02'*'  (vSl) 
with  .\c  are  e.xotlicrmic  and  fast  [X].  The  02'''  signal  level  was  meastired  ;is  the  flow  rate  of  Xe 
was  varied,  (irodiicing  a  tlccay  curve.  Three  separate  poriioiis  of  the  decay  etirve  could  be 
disiineuislied.  suggesting  the  formation  of  three  (or  more)  vibrational  energy  levels  in  the  O’*. 
(Those  measurements  were  subsoi|ucntly  repeated  at  different  COs  flow  rales  to  check  for 
sysleniailc  dilfcrenccs  arising  from  t|uenchiiig  of  O’^fv  S  1)  by  CO2). 

The  three  separate  portions  of  the  decay  curve  were  ideniified  with  particular  02'*' 
vibrational  energy  levels  as  follows.  O’*  was  produced  in  the  ion  source  and  was  injected  into 
the  flow  lube  at  different  energies  in  Ihc  range  from  15  to  1(X)  oV  (lab).  The  disiribtiliun  of  O2* 
vibraiiuntd  levels  resulting  Irom  collisions  of  the  O’*  with  the  helium  carrier  gas  is  cx|K’Cted  to 
vary  with  injection  eitcrgy  and  to  shift  toward  higher  levels  with  increasing  injection  energy. 
Tlie  O2*  was  titrated  with  Xc  as  described  above.  At  the  lowest  injection  energies,  over  X0%  of 
the  O’*  reacted  only  very  slowly  with  Xc  and  is  therefore  believed  to  bo  in  the  lowest 
vibrational  level.  The  remaining  O2*  was  presumed  to  be  in  the  first  e.xeitcd  vibrational  level. 


The  injection  energy  was  llien  increased,  and  the  experiment  was  repealed  for  several  injection 
energies.  As  discussed  below,  decay  curves  were  obtained  similar  to  those  obtained  when  the 
02'*’  was  generated  from  reaction  (1)  in  the  How  lube,  in  order  to  determine  the  population  of 
vibrational  levels  of  tlte  the  gases  SO2  and  H2O  were  used  as  monitors.  The  ionization 
potential  (IP)  of  SO2.  which  is  12.34  eV.  compares  with  the  recombination  energy  (RE)  of 
02'*’(v  =  2),  which  is  12.49  eV.  (The  RE  is  the  energy  available  in  the  process  in  which  a 
positive  ion,  AB'^,  and  a  free  electron  combine  to  produce  AB  in  its  lowest  energy  state).  The 
IPoflHOis  12.62  cV.  and  the  RE  of  02^(v  =  3)  is  12.71  eV.  Charge  transfer  between  SO2 
and  02^^  (v  5  2)  is  tlius  exothermic,  as  is  that  between  IHO  and  O2*  (v  ^  3).  In  the  experiments 
at  3C'JR,  SO2  and  I  hO  were  admitted  to  the  flow  tube,  and  the  resulting  decay  of  the  signal 
level  was  taken  as  a  measure  of  the  populations  of  02'*’  (v  S  2)  and  of  02*  (v  S  3),  respectively. 
Tile  fractional  populations  of  the  individual  levels  v=0,1.2,  and  of  the  combined  levels  v  ^  3 
were  then  obtained  by  difference.  In  the  experiments  at  150K.  SO2  and  H2O  could  not  be  used 
as  monitor  gases  because  of  their  low  vapor  pressures  at  that  temperature,  and  CH4  (IP  =  12.55 
cV)  was  used  instead.  Because  of  space  limitations,  details  of  the  chemistry  resulting  from  the 
use  of  SO2.  1 120>  Cl  I4  as  monitor  gases  must  be  omitted  here. 


ur^iiii.TS  AND  nisfnissioN 

For  any  reaction  (written  here  as  an  ion-molecule  reaction) 

A'*’  +  B  — ^  C''  +  D  (4) 

the  difference  Ivt  ween  the  tratislational  energies  of  the  products  and  the  u-anslaiional  energies  of 
the  reactants  is  the  translational  exoihennicity,  Q.  and  is  the  energy  convened  in  the  reaction 
from  iniertial  energy  to  translatiotial  energy.  Q  is  thus  defined  by  etp  (5) 

Q  =  E3  -r  Ea  -  El  -  E2  (5) 

Experimentally,  Q  can  be  obtained  from  eq.  (6): 

Q  =  ((ntT/ma)  -  1  )<E2>  +  |(m|/ma)  -  1  )Ei -t- l(m3/ma)  1  )E3 - 

(2/ma)  (mim3EiE3)’/^cos  0.  (6) 

In  cq.  (6)  the  subscripts  i  =  1 .2.3,4  refer  to  species  A*,  B,  C*,  and  D,  respectively,  of  mass  aij 
and  lalxiratory  kinetic  etiergy  Ej.  atid  <E2>  means  average  kinetic  energy  of  the  reactant  neutral 
gas.  i.e.,  .3/2kT  .  The  angle  0  is  the  scatteritig  angle  for  species  O  relative  to  the  direction  of  the 
incident  ion  beatii  and  is  taken  as  zero  here  for  the  longitudinal  double  mass  spectrometer 
.system.  Eq.  (6)  can  be  derived  Irotn  conservation  of  energy  and  linear  momentum  [9,10]. 

Table  1  summarizes  tlie  results  of  the  TOP  experiments  for  both  reactions  (1)  and  (2).  At 
all  energies  in  the  range  studied,  Q  is  negative,  i.  e.,  translational  energy  of  the  reactants  has 
beeti  coitveried  into  intertial  energy  of  the  products.  In  each  case,  Q  is  very  nearly  equal  to  the 
barycentric  etiergy  available,  itidicating  that  all  of  the  available  translational  energy  in  the 
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KMClanls  is  convened  10  imernnl  eiieriiy  of  the  poKliicls  (or  in  renclion  (2)  is  |i;iiii;dly  used  in 
overcoming  ilie  small  reaeiioii  endollienniciiy)  and  that  the  reaction  exoihemiicily,  in  ihc  case  of 
leacnon  (1)  as  written  for  ground  states,  is  retained  as  internal  energy  of  the  products.  Under 
the  conditions  of  these  heam  experiments,  then,  the  producl(s)  of  the  reaction  of  O'^  with  COi 
must  be  internally  excited.  The  How  tube  experiments  were  then  undertaken  in  onier  to 
deiermine  whether  the  products  of  the  reliction  at  thermal  energies  are  excited  anil  how  that 
ciciiaiiun  is  distributeil. 

A  tvpical  set  of  the  raw  data  used  to  (letcrmine  the  distribution  of  vibrational  energy  in 
the  Oj*  product  of  reticlion  (I)  is  shown  in  Tig.  1.  Here  the  Os*  is  generated  in  the  How  tube 
liy  reaction  (I).  Decay  of  the  Os*  signal  level  is  measured  as  a  function  of  Xe  flow  rate.  As 
nnicd  above,  charge  transfer  between  Os*  (v  =  0)  and  Xe  is  sl-bh'-  y  endoiiiermic  and  slow, 
vhile  that  between  O;*  (v  >  1)  is  exoihemiie  and  fast.  If  a  single  vibrational  level  «.c.'e  p'cseni 
.11  tlie  O2*  or,  im|irobably,  if  all  levels  present  reacted  with  similar  rate  constants,  then  the  decay 
curxe  would  be  linear  over  at  least  a  few  decades.  The  observed  curvature  suggests  that  more 
Ilian  one  vibrational  energy  level  is  present.  At  .Xe  flow  rates  alsove  about  2.5  .seem  (1  seem  =  1 
atm  cm^miir’  at  29X  K  ).  the  decay  does  become  linear,  indicating  that  all  of  the  taster  reacting 
0;*  (v  >  I)  has  reacted  and  that  only  02*(v  =  0)  remains.  The  decay  rale  in  this  pan  of  the 
curve  IS  close  to  that  observed  when  O;*  is  injected  into  the  flow  tube  at  low  energies  such  that 
Oi*  (v  =  0)  is  the  predominant  species  present.  The  agreement  is  not  e.xact  becau.se  the  source 
of  die  O;*.  when  it  is  generated  in  the  How  lube  by  reaction  (1),  is  disiribnlcd  along  the  entire 
reaction  region,  rather  than  arising  as  a  point  source,  as  it  is  when  injected  directly.  A  least 
squares  line  can  be  drttwn  through  the  linear  part  of  the  decay  curve  and  exirapohiied  to  zero 
How  rate  of  Xe.  The  intercept  is  then  proportional  to  the  amount  of  O’*  (v  =  0)  proiluced  in 
reaction  ( 1 ).  This  line  can  be  subtracted  point  by  point  from  the  original  decay  curve  to  yield  the 
signal  level  corresponding  to  the  vibrationally  excited  O2*.  The  resulting  line  tilso  exhibits 
curvature,  suggesting  that  at  least  two  vibrationally  excited  levels  of  O2*  are  produced  in 
reaetion  ( I ).  Again  a  least  squares  line  can  be  drawn  through  the  points  at  high  Xe  flow  rales, 
extrapolated  to  zero  fle’w  r.iie,  anil  subtracted.  Ihe  result  is  a  set  of  points  linctir  to  within 
expeiimeni.il  error.  The  frticlional  populations  of  the  various  vibrational  levels  can  then  be 
(iblaiiied  bv  comparison  with  the  total  O2*  signal  level.  We  shall  relcr  to  the  three  separate 
eiiiiiponenis  of  the  decay  curve  as  the  slow,  iiiedinin,  and  last  reacting  constituents, 
rc--pei  lively. 

While  it  is  clctu"  that  the  slow  reacting  constituent  of  the  O2*  decay  curve  corres|)ond.s  to 
(V  =  0),  it  is  not  obvious  which  vibrational  levels  are  responsible  lor  the  medium  and  fast 
reacting  constituents.  Information  on  tins  problem  was  obtained  from  the  experiments  in  which 
O2*  svas  injected  into  the  flow  tulse  at  varying  injection  energy.  Table  2  summarizes  these 
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experiments  ui  ISO  K.  The  reiuiivc  ubundanees  given  in  this  Table  were  obtained  by 
extrapolating  the  linear  components  of  the  decay  curve  to  zero  flow  rate  of  Xe  and  comparing 
lite  values  at  tlic  intercept  to  the  total  signal  level  of  O2'''.  When  a  high  injection  energy,  e.  g.,  60 
eV,  was  used,  the  decay  curve  resulting  from  attenuation  by  Xe  could  be  resolved  into  three 
linear  components.  The  ratio  of  the  slopes  of  these  three  components  is  the  same  as  (hat  found 
when  the  O2*  is  generated  by  reaction  (1 )  in  the  flow  tube.  At  low  injection  energies,  the  decay 
curve  could  be  resolved  into  only  two  components,  and  these  corresponded  to  the  slow  reacting 
cunsiiiuenl  and  the  fast  reacting  consitiuem;  the  iiiediuin  reacting  constituent  was  absent.  In 
addition,  when  only  these  two  constituents  were  present  and  when  SCH  and  H2O  were  used  as 
the  motiiior  gases  at  300  K,  or  CfU  at  ISO  K.  the  ionic  products  that  monitor  the  higher 
vibrational  levels  of  v  >  2,  were  cither  absent  or  were  present  hi  only  low  abundance.  We 
suggest,  then,  that  the  slow  reacting  constituent  is  Oo*  (v  =  0),  the  fast  reacting  constituent  is 
02'^  (v  =  1).  and  ilic  medium  reacting  constituent  is  02'*’  (v  >  2). 

In  order  to  estimate  the  fractional  populations  of  tlte  O2'''  vibrational  levels  resulting  from 
reaction  (1).  several  runs  were  made  using  different  flow  rales  of  CO2  at  each  temperature.  No 
systematic  difference  was  found  in  the  percentage  of  each  vibrational  level  as  a  function  of  CO2 
flow  rate,  indicating  that  no  significant  i|ucnching  of  02'^  (v  S  1)  by  CO2  was  occurring.  The 
rate  consuini  lor  il'c  chtirge  transfer  reaction  of  Xe  with  Oi'*’  (v  =  1)  was  measured  in  ilie  present 
work  as  7.5  x  lO'*^  cinqs'*  at  150  K  and  9.5  x  10'“^  at  300  K  (Table  3).  Because  these  rate 
coiisiaiiis  are  close  to  the  collision  limited  values,  it  is  unlikely  iliui  Xe  also  quenches  02^  (v  = 
1)  at  a  significant  rate.  Charge  transfer  of  02"^  (v  S  2)  with  Xe  is  slower  (Table  3),  1.  c.,  k  = 
6.6  X  10'"  at  150  K  and  2.1  x  10''^  at  3(X1  K,  and  quenching  of  O2*  (v  i  2)  might  compete 
wiili  charge  transfer.  The  rale  constant  for  (|uenching  of  O2*  (v  >  2)  is  not  known. 

Neglecting  the  possible  compli,catioiis  arising  from  quenching  of  02'*^  (v  S  2)  by  the 
monitor  gas,  the  fractional  populations  of  02'*'  (v)  produced  in  reaction  (1)  can  be  estimated  as 
described  and  are  shown  in  figure  2.  It  is  evident  that  most  of  the  02'*'  is  vibraiionally  excited 
and  that  02"^  (v  =  1 )  is  the  predominant  species  at  all  temperatures  studied.  At  the  lower 
lemperaiurcs,  more  Ot'*'  (v  =  0)  and  less  02'^  (v  2  2)  are  found.  If  quenching  is  indeed 
oeeuriing,  then  even  more  of  the  02'^  is  produced  vibraiionally  excited  than  is  shown  in  figure 
2.  Assuming  that  the  higher  levels  correspond  only  to  Os*  (v  =  2).  the  average  vibrational 
eiici gy  cuipeni  of  the  products  of  reaction  ( 1 )  measured  here  represents  only  about  20%  of  the 
cxothcrmicity  ot  the  reactiott.  The  remaining  energy  can  in  principle  be  divided  among 
vibrational  excitation  in  the  CO  product,  roiatiotial  excitation  in  either  or  both  products,  and 
translational  energy.  The  results  of  the  ton  beam  experiments  show  that  all  of  the  reaction 
exothertniciiy  remains  as  imcrnal  energy  of  the  products  and  thus  suggest  that  the  CO  may  be 
vibrationally  excited  as  well. 


r.ihlc  1.  Traii^laiiiin.il  cxoiIki iiiiciiics,  Qi  ami  yi-  lor  icatiiiuis  (I)  and  (21,  n.'-'-pcLlivcly.  as  .1 
lunciion  of  laboratory  kinetic  cticrpy  (Kli)  of  the  0+  reactatU  ion.  Also  tabulated  are  the 
baryeentric  energies  (Ecm)  tti  '■‘ttoh  lab  energy,  liiiergies  in  eV.  Note  that  the  vtiUies  for  Q|  ami 
0;  are  negative. 
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I'abie  2.  Snninitiry  of  results  for  Os*  injeeiion  ( I.SO  K).  Kekitive  abund.inces  of  the  02*(v) 
states  which  react  with  Xe  ;ii  different  rates  as  a  finieiion  of  injection  energy. 
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r.ible  3.  Rate  eonsiatiis  for  vtnions  reactirms  investigated  in  this  study. 

Reaction  Rate  Constant  (cm^  S'*1 

1.30  K  300  K 

0+  +  CO2  02"^  +  CO  9.6  X  IO-i»(±2.3%)  9.6  x  10-l<’(±2.3%) 

0:*(v  =  0)  +  Xc  -♦  Xe*  +  Os  1.1  X  10-"(±2.3%)  5.74  x  10-"(±25%) 

Os*(v  >  2)(--»  +  Xe  ->  Xe*  +  Os  6.6  x  lO'"  (♦'’".js'i;-)  2. 1  x  Kb ">  (*■‘’"..15%) 

02*(v  >  1)  +  C02->  02*(v=())  +  CO2  1.9  X  I0-»>(*3<'.35%)  1  x  l()-'0  d’) 

(;i)  The  identification  of  the  excited  vibrational  levels  to  which  the  rale  constants  refer  is 
tentative.  Refer  to  the  text  for  a  complete  discussion. 

(b)  Thi  s  quenching  rate  consi.-int  has  not  been  measured  in  this  study.  TIic  value  given  is  due  to 
Bdhringer  et  ai.(81  and  is  included  to  show  the  lempcruiurc  dependence. 
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F*gur«  1  0«»cay  of  02^  produced  in  the  reaction  of  O'*’  with  CO2  o  function  of  Xe  flow.  The  data  were  taken  at  a 
temperature  of  300  K  and  a  COn  flow  of  0.37  seem.  Circles  refer  to  the  raw  data.  Squares  refer  to  the  total  signal 
mnus  the  least  squares  line  through  (he  linear  portion  of  the  curve  at  high  Xe  flow.  Triangles  refer  to  subtraction  of 
!he  intermediate  least  squares  line  from  the  square  syrT>bo{s. 


0+ +  CO2 -*  02+(v)  ♦  CO 

a 

»&K 

eapee 

a 

tSO  K 

□ 

300  K 

Vibrational  Level 

Rgure  2>  Percent  produced  in  the  renction  of  O'*’  with  CO2  o  furKtion  of  vibrationat  feve).  Solid,  shaded  and 

clenr  bars  refer  to  (he  exoertmentai  temperatures  68  K.  150  K  end  300  K.  respectively. 


